In normal rodents there is a precise topology of the retinocollicular projection, the nasotemporal and ventrodorsal axes of the retina being respectively projected onto the caudorostral and mediolateral axes of the contralateral superior colliculus (SC). We evaluated the distribution of regenerated retinal ganglion cell (RGC) axon terminals in the SC of adult hamsters in which an unbranched peripheral nerve graft was directed from the retina to the contralateral SC. Responses to visual stimulation of individual RGCs were recorded from terminal arbors of their regenerated axons in the reinnervated SC. Retinal positions of these RGCs were inferred from the locations of their visual receptive fields. At some sites in the reinnervated SC, axon terminal arbors converged from widely separated RGCs. Conversely, axon terminal arbors at widely separated sites in the SC could emanate from contiguous RGCs. To assess whether any tendency for order was superimposed on the apparent disorganization of the regenerated projection, we evaluated the relative positions of pairs of RGC terminals in the SC in relation to the relative retinal locations of the corresponding pairs of RGCs. Among the 983 pairs of RGCs able to be evaluated from nine animals studied 30-60 weeks after grafting, there was a statistically significant 3/2 tendency for the more nasally situated of two RGCs to project its terminal more caudally in the SC than that of the more temporally situated RGC. A similar tendency toward appropriate organization was not found with respect to the ventrodorsal axis of the retina and the mediolateral axis of the SC.
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In adult rodents, axotomized retinal ganglion cell (RGC) axons are capable of long-range regrowth along peripheral nerve grafts and can invade the superior colliculus (SC) where they form well differentiated and persistent synapses (Vidal-Sanz et al., 1987 , 1991 Carter et al., 1989 Carter et al., , 1994 , which can mediate trans-synaptic excitation of SC neurons in response to light (Keirstead et al., 1989; Sauvé et al., 1995) . The reconstituted retinocollicular projection retains at least two aspects of specificity of innervation characteristic of the normal retinocollicular projection: (1) regenerating RGC axons reinnervate the superficial retinorecipient layers of the SC rather than the deeper layers that normally receive no direct retinal input Sauvé et al., 1995) , and (2) regenerating RGC axons form synapses on dendrites and dendritic spines of SC neurons in the same proportions that occur during normal innervation (Carter et al., , 1994 .
A further aspect of specificity of retinal innervation of the mammalian SC is the topology of the retinocollicular projection. As in anamniotes, RGC axons emanating from nasal, temporal, ventral, and dorsal retina project respectively to the contralateral caudal, rostral, medial, and lateral tectum or SC (Siminoff et al., 1966; Tiao and Blakemore, 1976b; Finlay et al., 1978) . This retinotopic organization is substantially reproduced during spontaneous reinnervation of the tectum by regenerated RGC axons in frogs and fish (Attardi and Sperry, 1963; Gaze and Jacobson, 1963; Stuermer and Easter, 1984; Udin and Fawcett, 1988) . Although two-thirds of RGCs reinnervate the tectum in lizards, anatomical tracings indicate that regenerated projections lack retinotopic order (Beazley et al., 1997) . In rodents, topographic organization was also absent during innervation of the SC of neonatal rats by transplanted fetal retinae (Galli et al., 1989) .
To investigate the possibility that topographic specificity is expressed during reinnervation of the SC in adult mammals, we examined the distribution of terminal arborizations of regenerated RGC axons in hamsters with peripheral nerve grafts linking one retina and the contralateral SC. We have shown previously that recordings of unitary visual responses within the SC in such animals identify the sites of terminal arborizations of individual regenerated RGC axons and the neurons with which they make synapses (Sauvé et al., 1995) . We were thus able to correlate the position of individual RGCs in the retina, identified on the basis of the positions of their visual receptive fields, with the electrophysiologically defined positions in the SC of the terminal arborizations of their respective regenerated axons.
MATERIALS AND METHODS

Preparation of animals with peripheral nerve grafts
Autologous peripheral nerve grafts linking the eye and the SC were prepared in 90-to 120-d-old female golden hamsters (Mesocricetus auratus; weight, 100 -120 gm) (C arter et al., 1989; Sauvé et al., 1995) . The results presented here are concerned exclusively with the topology of the projection regenerated from the eye to the SC and for this reason are taken from the subset of those animals reported previously (Sauvé et al., 1995) in which one end of the nerve graft was sutured to the stump of the optic nerve and the other end was inserted as a single undivided branch into the anterolateral aspect of the contralateral SC. The lateral border of the SC is delimited by blood vessels forming a V shape. The graft was always inserted at the apex of the V so that there was some small difference from animal to animal in the precise anteroposterior position of the graft tip with respect to the SC. Although it would have been preferable to insert the distal end of the graft so as to maintain the rostrocaudal trajectory characteristic of normally developing retinocollicular axons, this was precluded by the constant presence of blood vessels that delimit the rostral border of the SC. In some cases the distal end of the nerve graft was inserted into the SC 7-8 weeks after anastomosis of the graft to the optic nerve stump; in others the anastomosis to the optic nerve and insertion of the distal end of the graft into the SC were accomplished in a single procedure. The diameter of the graft at the point of insertion was 200 -400 m. Physiological experiments were performed 30 -60 weeks after anastomosis of the graft to the optic nerve stump. We report results from the nine grafted animals in which six or more SC units with distinct visual receptive fields were identified and from three intact adult hamsters.
Preparation of animals for physiological experiments
Animals were prepared for physiological experiments as described previously (Sauvé et al., 1995) under anesthesia with 25% urethane (1.25 mg / kg, i.p.) that was supplemented as necessary throughout the experiment with additional doses (0.25 mg / kg, i.p.). After enucleation of the nongrafted eye and exposure of the SC by aspiration of the overlying cortex, the animal's head, held in a nose bar, was positioned to make the surface of the SC as horizontal as possible. The rostrocaudal axis of the SC was assumed to correspond to the sagittal suture. The pupil of the grafted eye was dilated with 0.06% topical atropine, the eye was immobilized with three equidistant 6-0 sutures in the conjunctiva attached to the animal frame, and the cornea was protected with a nonrefractive contact lens. Repeated recordings from the same site in the SC of intact animals established that the positions of receptive fields remained stable for several hours with this method of immobilization of the eye.
Identification and localization of unit responses
The exposed SC was systematically explored with carbon fiber microelectrode recordings on a grid of 100 -200 m in the rostrocaudal and mediolateral planes (Sauvé et al., 1995) . At each recording site where a response was found to visual stimulation with an EEG flash (Keirstead et al., 1989; Sauvé et al., 1995) , an attempt was made to identif y units responsive to stimulation of discrete receptive fields. The visual field was systematically searched by moving spots of light across a translucent tangent screen positioned 20 cm from the eye, orthogonal to the projection of the optic disk as viewed by an ophthalmoscope. Responsive units with on, off, or on -off responses were found at depths between 0 and 400 m from the surface of the SC (Sauvé et al., 1995) . In all experiments an attempt was made to scan enough of the surface of the SC so that the area within which unitary responses were seen was bounded by recording sites at which no visual responses could be elicited. This would enhance the chances of obtaining a representative sampling of the reinnervation of the SC by regenerated RGC axons.
We assume the light-elicited unitary responses recorded with the carbon fiber electrodes used for these experiments to reflect potentials generated (1) by the terminal arbors of regenerated axons in the vicinity of the neurons that they innervate and (2) by the postsynaptic neurons themselves but not by axons en passant remote from their terminals (Sauvé et al., 1995) . Recordings from normal animals with these electrodes reveal an orderly distribution of receptive fields (see Results) and no suggestion of recordings from axons projecting toward targets remote from the recording site. Furthermore, repeated attempts to record responses to visual stimulation with these electrodes either directly from the graft or from the brachium of the SC in normal animals were unsuccessf ul, suggesting that our electrodes did not readily record axonal responses.
In the SC of reinnervated animals, responses to light consist of bursts of impulses in which individual elements comprise two major components: an initial spike-like terminal potential arising from the presynaptic axonal terminal arborization and an ensuing longer duration focal synaptic potential arising from the neurons innervated by the terminal arborization (Sauvé et al., 1995) . The same unit was occasionally recorded from adjacent recording sites separated by 100 -200 m or from different depths at the same recording site over distances of up to 250 m; both presynaptic and postsynaptic elements were not constantly present in all recordings [see Sauvé et al. (1995) , their Fig. 5A ]. Some of our recordings may have thus reflected terminal potentials recorded from terminal arbors as much as 150 -200 m remote from the region of synapses with their target neurons in the SC [see Sauvé et al. (1995) , their Fig. 5B ]. Receptive fields overlapping each other by Ͼ50% and recorded from sites separated by 200 m or less in the SC were considered to be associated with the same RGC if the response properties were identical at both recording sites. In such cases the position of the terminal arbor was assumed to be midway between or among the sites at which the arbor was recorded.
Within the SC, regenerated RGC axon terminals form arbors having several different configurations (C arter et al., 1998) . We have no way of knowing whether some of these configurations give rise to more easily recorded terminal potentials or whether appropriately arrayed terminals are more or less likely to be more easily recorded than are inappropriately arrayed terminals. Our comparisons, of necessity, imply that our sampling of RGC terminals, although undoubtedly incomplete, is reasonably random.
Localization of RGCs and their projection sites
To correct for the distortion of visual space attendant on plotting receptive fields on a tangent screen, we calculated the projection onto the tangent screen of a spheroidal surface centered on the eye. The position of the center of each receptive field could then be identified both with respect to a linear coordinate system and with respect to the projected system. Each receptive field could thus be assigned both linear and angular coordinates to define its displacement from the projection of the optic disk. These angular coordinates would correspond precisely to linear displacements on the surface of the retina, assuming the retina to be hemispheric. The relationship between these coordinate systems is described by the expressions:
where d is the distance from the eye to the tangent screen, x and y are horizontal and vertical displacements, respectively, on the tangent screen from the projection of the optic disk, and h and v are the angles of displacement from the horizontal and vertical, respectively, in radians. The calculated angular coordinates were used to determine relative positions of receptive fields that could then be replotted on a grid corresponding more closely to the linear displacements in the retina. The nasotemporal axis of the eye is conventionally defined as coinciding with the axis of the medial and lateral rectus muscles. For seven grafted hamsters (including four in which fewer than six responses were found), the displacement of the nasotemporal axis of the eye from the horizontal, measured at the conclusion of the experiment, ranged from 46 to 28° (46, 38, 35, 33, 33, 32, and 28°) . For those animals in which the position of the medial and lateral recti was not precisely determined, there was thus a potential error in the determination of the position of this axis of up to 18°, although most displacements from the horizontal were clustered within a few degrees of 35°. An algorithm was developed to recalculate the coordinates of receptive fields for any assumed displacement of the nasotemporal axis from the horizontal.
Assessment of the relative positions of regenerated RGC axon terminals in the reinnervated SC
The area of reinnervation of each SC represented a small proportion (at most approximately one-third) of the total area of the SC, centered around the site of graft insertion (Sauvé et al., 1995) . The site of insertion of the nerve graft into the SC varied within a few hundred micrometers from animal to animal, some insertions being more rostral and others more caudal within the 2 mm rostrocaudal extent of the SC. For these reasons it would have been inappropriate to attempt to make interanimal comparisons of the absolute collicular sites of projection of axons emanating from particular areas of the retina. Instead we assessed the possibility of retinotopic influences by comparing for each animal the relative positions of regenerated axon terminals in the reinnervated SC.
The premise of this comparison is that if two RGC axons entering the SC in the same graft can respond to putative cues determining spatial organization, the terminals of these axons should deploy themselves appropriately with respect to one another at a higher-than-chance frequency. With respect to each RGC, the surrounding retina can be divided into nasal, temporal, dorsal, and ventral regions. Similarly the SC can be divided into caudal, rostral, lateral, and medial regions with respect to each projection site. The relative axonal projections of each pair of RGC s can then be scored as appropriate, inappropriate, or unable to be evaluated as illustrated in Figure 1 .
Within the nasotemporal axis of the retina and rostrocaudal axis of the SC, an appropriately projecting pair is one in which the more nasal of two RGC s projects more caudally in the SC. An inappropriately projecting pair is one in which the more nasal of two RGC s projects more rostrally in the SC. In certain cases, particularly when the RGC s or their terminals are widely separated in the axis orthogonal to the axis of interest, these judgments will be questionable. If the measured positions of two regenerated RGC axon terminals are separated by, for example, 1 mm in the mediolateral axis of the SC but by only, for example, 200 m in the rostrocaudal axis, any judgment about the relative displacement of the terminals in the rostrocaudal axis will be somewhat suspect. For this reason, we arbitrarily excluded as unable to be evaluated all pairs in which the RGC s or their axonal projections were displaced with respect to one another outside of the Ϯ60°bounding the axes of interest (Fig. 1) . Widening the angle of acceptability would have admitted consideration of more pairs at the price of increased uncertainty about the validity of all of the classifications. Narrowing the angle of acceptability would have increased the certainty of the classifications at the price of reducing the number of pairs included in the analysis and the power of the statistical analysis. Also unclassifiable were pairs in which two RGC s with identical locations projected to different areas in the SC and pairs in which two separated RGC s projected to the same site in the SC.
T wo numeric analyses were used to score the relative projections of RGC s with regenerated axons.
Scoring of pairs. All possible pairs of RGC s were considered, and the relative projections of each pair was scored as appropriate, inappropriate, or unable to be evaluated. This yielded large numbers for statistical analysis but had the disadvantage that the contribution of a single RGC placed in an extreme position within the axis of interest in relation to other RGC s could excessively weight the score in an appropriate or inappropriate direction.
Scoring of RGCs. The total number of appropriate, inappropriate, and unable to be evaluated pairs was compiled for each RGC that was then assigned a net score of appropriate or inappropriate, determined by whether it participated in a majority of appropriate or inappropriate pairs. If the numbers of appropriate and inappropriate pairs were equal, the RGC was not scored. This method in effect averaged the appropriateness of the projection(s) of each RGC in relation to all of its neighbors that could be evaluated. This method yielded much smaller numbers, i.e., at most one score per RGC, and did not distinguish between RGC s projecting appropriately in relation to all as opposed to a small majority of its neighbors. However, it had the advantage of more equitably balancing the contribution of each RGC.
Retrograde labeling of RGCs with axons regenerated into peripheral nerve grafts
Six animals with peripheral nerve grafts apposed to the eye but not inserted into the SC were anesthetized 25-35 weeks after grafting. In each animal the graft was cut 2 cm from the eye and teased toward the eye into two well separated branches. A small piece of Gelfoam (Upjohn, Kalamazoo, M I) soaked in a 3% aqueous solution of fast blue (FB; Dr. I lling, Gmbh Company) was applied to one branch, and a small piece of Gelfoam soaked in 2% fluorogold (FG; Fluorochrome, Inc.) dissolved in a solution of dimethylsulfoxide (IC N Biochemicals, Montreal, Quebec, C anada) in sterile 0.9% saline was applied to the other branch. The wound was closed, leaving the Gelfoam pieces in place, and the animals were allowed to recover from anesthesia. Seven days later, animals were perf used (Sauvé et al., 1995) , and the retinae were removed and wholemounted to be examined under epifluorescence by the use of an ultraviolet filter to reveal FB-and FG-containing RGC s.
RESULTS
Normal SC
The distribution of receptive fields corresponding to recording sites in the contralateral SC is illustrated in Figure 2 for an intact animal that was representative of the three animals examined. The distribution corresponds to that described previously for the rodent (Siminoff et al., 1966; Tiao and Blakemore, 1976b; Finlay et al., 1978) ; nasal retina is represented caudally, and dorsal retina is represented laterally on the surface of the SC. When the receptive fields are displayed with the system of angular coordinates plotted linearly (Fig. 2 B,D) , it is apparent that there is a consistent relationship between the nasotemporal axis of the retina and the rostrocaudal axis of the SC for the entire retina and SC (Fig. 2 B,C) ; the relationship between the ventrodorsal axis of the retina and the mediolateral axis of the SC varies, depending on the position in the retina and SC (Fig. 2 D,E) .
For the normal animal illustrated in Figure 2 , 1454 of 1461 (99.5%) of the pairs of RGCs able to be evaluated had appropriately arrayed projections in the rostrocaudal axis of the SC; 885 pairs were unable to be evaluated according to our exclusion criteria. Within the mediolateral axis of the SC, 1124 pairs of RGCs had appropriately arrayed projections with respect to their ventrodorsal origin in the retina (i.e., the more dorsally situated RGC projected more laterally in the SC), none were inappropriately arrayed, and 1222 pairs were unable to be evaluated according to our exclusion criteria. All 69 RGCs had net appropriate projections within both the rostrocaudal and mediolateral axes of the SC.
The reinnervated SC
Receptive field positions and corresponding recording sites are illustrated in Figure 3 for an animal in which 61 receptive fields were recorded. This, the largest number of receptive fields recorded in any animal, represents a substantial proportion of the several hundred RGC axons that usually regrow into such nerve grafts (Sauvé et al., 1995) . Receptive fields representing RGCs in all four quadrants of the retina were found in reinnervated SCs. Two aberrations from a well ordered topology are immediately apparent for the animal illustrated in Figure 3. (1) At a given site in the reinnervated SC, responses could be recorded to illumination of as many as nine different receptive fields distributed in the four quadrants of the visual field, indicating that the regenerated terminals of RGCs widely distributed in the retina could arborize in the same area of the SC; and (2) responses to illumination of contiguous areas of the retina were recorded in widely separated sites within the SC, indicating that neighboring RGCs can project to different areas of the SC.
Despite the absence of a clear-cut organization in the reinnervation of the SC, the question arises as to whether some tendency toward normal retinotopy was retained.
Distribution of regenerated RGC axon terminals in the rostrocaudal axis of the SC
The results from nine animals analyzed with respect to the nasotemporal displacement of RGCs in the retina and the rostrocaudal displacement of projections of these RGCs in the SC are summarized in Table 1. In the cases in which there was uncertainty about the precise orientation of the eye (animals 1-6), results were computed for orientations of the nasotemporal axis at 1°intervals within the range of possible deviations of this axis from horizontal (46 -28°). The results presented for each animal are those giving the lowest proportion of appropriate-toinappropriate projections.
Of the 983 pairs that could be evaluated, 600 were appropriately and 383 were inappropriately oriented (Table 1) , representing a proportion of appropriately oriented projections of 61% or a ratio of ϳ3/2 in favor of the predicted orientation. This is significantly different from random orientation ( p Ͻ 0.0005, t test for the proportion in a single population).
Of the 139 RGCs, 94 had net appropriate projections, 35 had net inappropriate projections, and 10 could not be scored (Table  1) , a proportion of net appropriately oriented RGC projections of 73% or a ratio of Ͼ2/1 in favor of the predicted orientation ( p Ͻ 0.0005, t test for the proportion in a single population).
Because of the large variation in the number of RGC projections recorded in individual animals and the possibility that putative orienting effects could be systematically more strongly expressed in some animals than in others, we further examined the data by using the generalized estimating equations (GEE) approach (Liang and Zeger, 1986) as implemented in the SAS procedure GENMOD. The exchangeable covariance structure of errors was assumed, implying that all observations from the same animal are expected to be equally correlated with each other, a standard assumption for nested designs (Liang and Zeger, 1986) . With a null hypothesis that the numbers of appropriate and inappropriate projections were equal, the possibility that there were more appropriate than inappropriate projections was assessed by using the estimated intercept of the GEE model in which an intercept different from zero implies a difference from an equal probability of the two possible outcomes examined. Normal approximation was used to obtain the 95% confidence intervals bracketing the calculated intercept, and a Z statistic, calculated as the ratio of the estimated intercept to its SE, was used to test the hypothesis that there was a significant difference in the proportion of appropriate and inappropriate projections.
This statistical approach also demonstrated a significant difference from random orientation, appropriate projections being more frequent than inappropriate projections when the comparison was made either for pairs of RGCs ( p ϭ 0.0055; intercept of 0.59, with 95% confidence limits that intercept lies between 0.172 and 1.00) or for individual cells ( p ϭ 0.0018; intercept of 0.97, with 95% confidence limits that intercept lies between 0.36 and 1.58).
In some cases there were projections from a given site in the retina to two or more sites in the SC or from multiple sites in the retina to the same site in the SC. Such pairs would be eliminated from consideration in our tabulation of the data. For this reason we reexamined the data after including all such pairs in which the displacement within the retina or the SC could be evaluated. We further assumed for the purposes of this calculation that all such projections would be inappropriate. With this extremely conservative assumption, the proportion of appropriate-toinappropriate pairs of RGCs changed to 600 versus 437, and the proportion of appropriate-to-inappropriate individual RGCs changed to 85 versus 41. These differences remain highly significant when the summed data are considered ( p Ͻ 0.0005, t test for the proportion in a single population). When comparisons across animals were made by use of the GEE approach, the previously noted differences persisted for pairs of RGCs ( p ϭ 0.04; intercept of 0.43, with 95% confidence limits that intercept lies between 0.02 and 0.84) or for individual cells ( p ϭ 0.037; intercept of 0.72, with 95% confidence limits that intercept lies between 0.04 and 1.41), although at lower levels of statistical significance.
As a further test of a tendency toward appropriate projection in the SC, we compared the disposition within the rostrocaudal axis of the SC of terminals from the most nasal and most temporal RGCs. For each animal the RGCs with regenerated axons were divided into three equal groups: nasal, central, and temporal as defined by their relative positions within the retina. In all cases the numbers of RGCs in the nasal and temporal groups were taken as equal integral numbers; the number in the middle group was less if the total number of RGCs was not evenly divisible by 3. The average rostrocaudal displacement of the terminals of the nasal group of RGCs with respect to an arbitrary zero displacement was then compared with the average rostrocaudal displacement of the terminals of the temporal group of RGCs (Table 2) . For six of the nine animals the more nasal RGCs projected more caudally as expected, in one animal there was no difference, and in two animals the nasal RGCs projected more rostrally. The average caudal displacement of the terminals of the more nasal RGCs with respect to the terminals of the more temporal RGCs was calculated as 87 m when the average was computed across the nine animals and as 75 m when the average was computed across the total number of RGCs in all of the nine groups compared. Because the data were not normally distributed, the Mann-Whitney rank sum test was used to determine that this average displacement was significantly different from zero ( p Ͻ 0.001) when computed across the total number of RGCs but was not significantly different from zero when computed for the nine animals taken as individuals.
Distribution of regenerated RGC axon terminals in the mediolateral axis of the SC
The distribution of projections of regenerated RGC axons was also analyzed in the ventrodorsal axis of the retina and the mediolateral axis of the SC. Of the 909 pairs that could be evaluated, 458 were appropriately and 451 were inappropriately oriented, a difference from random projection in this plane that was not statistically significant.
Number and distribution of regenerating axons within the peripheral nerve graft
If the ultimate position of regenerated RGC axon terminals within the SC is to be interpreted as reflecting an influence of putative orienting factors within the SC, the RGC axons must be known to be distributed randomly within the peripheral nerve graft before they approach the SC. The position within a retinal flat mount of cells retrogradely labeled with FG and FB from two branches of the nerve graft is illustrated in Figure 4 . The flat mount was divided into five sectors, and the numbers of cells in each sector labeled with either tracer or double-labeled are enumerated in Table 3 for six animals. The average total number of RGCs that were regenerating axons into the two branches of the graft was 385 Ϯ 41 (ϮSEM), Ͻ1% of the ϳ10 5 RGCs in the adult hamster retina (Tiao and Blakemore, 1976a ). An average of 22% of RGCs were double labeled, presumably reflecting axonal branching in the graft. In none of the animals was there a significant difference in the proportions of FG-and FB-labeled cells in the five sectors (Table 3 ). This suggests that regenerated RGC axons tended to be randomly organized within the nerve graft at the level of application of the label, as is the case for RGC axons as they reach the optic chiasm in the normally developing rodent optic nerve (Simon and O'Leary, 1991; Chan and Guillery, 1994) . Because these retrograde-labeling experiments were done on animals with grafts that had not been inserted into the SC, there was no possibility that the SC could have exerted any influence on the disposition of axons within the graft. It is however possible that regenerating axons within the bridging grafts used for our physiological experiments could have been subjected to topographic cues as they approached the SC.
DISCUSSION
This study has shown that regenerating mammalian RGC axon terminals do not form a precise retinotopic map when reinnervating the SC. However, superimposed on the apparent randomness of distribution of RGC terminals, there appears to be a small but nonetheless statistically significant tendency for these terminals to array themselves appropriately within the rostrocaudal axis of the SC. Because the graft tip was placed at different locations in different animals, our assessment of topography was of necessity a comparison of the relative positions of reinnervating axon terminals for each animal rather than an identification of the absolute position of each terminal. It also must be emphasized that our method assesses terminal positions but not trajectories of regenerating RGC axons. Nonetheless, our results suggest that a factor(s) may be present in the reinnervated SC, as in the newly innervated SC, that can influence the direction of axonal growth and /or the area within which arborization and synapse formation occur.
Topographic ordering of projections during normal develop- ment of retinofugal pathways is thought to reflect at least two processes: an initial pathfinding to the approximately correct area directed by spatially specific molecular cues as first suggested by Sperry (1963) and a subsequent phase of refinement of the projection thought to be caused by activity-dependent processes in which near simultaneous firing of neighboring RGCs (Wong et al., 1993) serves mutually to stabilize the connections of their shared projections to target neurons in the lateral geniculate nucleus (Penn et al., 1998) or tectum (Shatz, 1990; Cline, 1991) . Initial pathfinding of RGC axons within the tectum may be very precise as in frogs and fish (Holt and Harris, 1983; Stuermer, 1988) or more exuberant and diffuse as in rodents (Simon and O'Leary, 1992a,b) . Computer simulations suggest that a combination of positional cues and activity-dependent mechanisms can give rise to a very precise retinotectal topology in a variety of experimental situations (Fraser and Perkel, 1990; Honda, 1998) , for example even if a molecular gradient is only transiently expressed during the initiation of innervation of the tectum (Hua et al., 1993) . During regeneration of the retinotectal pathway in frogs and fish, the initial topography is only roughly organized. Functional The average total number of back-labeled neurons is 385 Ϯ 41 (ϮSEM). Relative proportions of FB-and FG-labeled cells are compared in two-way contingency tables (SigmaStat 2) to generate a 2 value with 4 df. The corresponding p values are the probabilities that there are no significant differences among the distributions in the five regions. synapses are formed indiscriminately by regenerating goldfish RGC axons as they enter the tectum, but these may be unstable if inappropriately located (Matsumoto et al., 1987; Meyer and Kageyama, 1999) . Projections become refined into a more precise retinotopic map over a period of several weeks by mechanisms that depend on ongoing activity in neighboring RGC axons (Udin and Fawcett, 1988; Cline, 1991) .
In vitro experiments have shown that molecules with topological specificity with respect to the rostral and caudal tectum or SC are transiently expressed in the neonatal mammalian SC (Walter et al., 1987b) . These topologically specific markers disappear after the retinocollicular pathway is laid down but reappear ϳ2 weeks after denervation of the SC (Wizenmann et al., 1993) ; such positionally specific markers may be more strongly expressed in deafferented SC than in embryonic SC (Bähr and Wizenmann, 1996) . Our experimental results are consistent with the possibility that a gradient of such positionally specific markers could serve as an influence on the exploration of the SC by regenerated RGC axons (Baier and Bonhoeffer, 1992; Bähr, 1997, 1998) , either by exerting a repulsive or tropic effect on their axonal growth cones (Walter et al., 1987a,b; Boxberg et al., 1993; Nakamoto et al., 1996; Davenport et al., 1998; Ichijo and Bonhoeffer, 1998) or by influencing their branching patterns (Roskies and O'Leary, 1994) . Positionally specific markers could also influence the deployment of regenerating RGC axons within the nerve graft as they approached the SC.
The question arises as to why the effects of the factor(s), if present, are so minimally expressed or so difficult to document in the reinnervated mammalian SC. Both biological and methodological considerations may be involved.
Biological constraints on topographically appropriate reinnervation
In the reinnervated SC, the maximum extent of exploration by a regenerated RGC axon is 1 mm or less (Carter et al., 1994) , more extensive exploration of the SC perhaps being limited by the presence of factors that are inhibitory to axonal growth (Caroni and Schwab, 1988; McKerracher et al., 1994; Smith-Thomas et al., 1994; Ghosh and David, 1997) and are present in the adult animal as well as by the developmental downregulation of growth permissive molecules (McLoon et al., 1988; Rager et al., 1996) and their receptors (Cohen et al., 1986; de Curtis and Reichardt, 1993) . This is in contrast to the situation during normal development in which RGC axons from all portions of the retina initially innervate the entire SC (Simon and O'Leary, 1992a,b) .
In our regeneration paradigm, Ͻ5% of the normal total number of RGCs usually regenerate their axons, and only a portion of these reinnervate the SC (Vidal-Sanz et al., 1987) ; many axons terminate growth immediately after penetrating the CNS (AvilesTrigueros et al., 2000) . In these conditions, with surviving RGCs widely separated in the retina and their axon terminals widely dispersed within the SC, the influence of activity-dependent mechanisms in shaping the topological pattern of innervation would be expected a priori to be much more limited than in normal development. Furthermore, with little competition among axons for synaptic sites, it is possible that inappropriately located synapses, after being formed, would be much more stable than those in the reinnervated frog or goldfish tectum. Such premature formation of synapses could in turn curtail the further exploration of the SC by regenerated RGC axons.
Methodological constraints on the recognition of topographically appropriate regeneration
Our comparisons make the implicit assumption that all regenerating axons initiate their exploration of the SC from the same position. This assumption is not strictly correct because pairs of regenerating axons can be separated in the rostrocaudal axis of the SC by distances approximating the width of the nerve graft at its point of entry to the SC, a distance of up to 400 m. However, this separation of axons within the nerve graft militates against the demonstration of topographically appropriate reinnervation of the SC. Assume that there are factors influencing axonal growth within the rostrocaudal plane of the SC. Axons appropriately separated in this plane at the site of entry should increase this separation as they explore the SC, and their terminals will ultimately be scored as appropriately separated. Axons inappropriately separated in this plane at the site of entry will reduce the initial separation in their exploration of the SC, but this reduction in the initial separation may or may not be sufficient to bring their terminals into a relative displacement that can be scored as appropriate. Some such pairs will thus be scored as inappropriate even if the relative trajectories of their axons were such as to reduce their initial inappropriate displacement. Because our method assesses terminal positions and not trajectories, it will invariably underestimate the effect of any factor(s) influencing the appropriate displacement of exploring regenerating axons.
Organization with the mediolateral plane of the SC
These experiments have not suggested any influence of dorsoventral position of RGCs in the retina on the mediolateral displacement of their regenerating axons in the SC. This could reflect methodological problems related to the geometry of the SC that may give rise to the apparently inconstant relationship between dorsoventral displacement of RGCs in the retina and mediolateral displacement of their terminals in the normally innervated SC (Fig.  2 D,E) .
Functional considerations
Functional synaptic connections made in the midbrain by RGC axons regenerated via peripheral nerve grafts (Keirstead et al., 1989; Sauvé et al., 1995) can mediate pupillary responses to light (Thanos, 1992; Whiteley et al., 1998) , light-avoidance behaviors in a conditioned-response paradigm (Sasaki et al., 1993) , lightinduced desynchronization of EEG waves (Sasaki et al., 1996) , and prepulse facilitation of auditory startle response (Sasaki et al., 1998) . These behavioral responses to light probably do not demand any topological organization in the reconstituted retinocollicular pathway. The present experiments suggest that some cues for appropriate topological organization of regenerated retinocollicular projections are present in the denervated colliculus. However, the possibility of formation of recognizable retinotopic maps may be starkly limited by the small number of regenerated RGC axons that reinnervate the SC and by restrictions on regrowth of axons within the SC. With few innervating axons, the opportunity for either competition or cooperativity among axons in establishing and stabilizing synaptic connections would be minimal. Although the present experiments suggest that the denervated SC exercises some modest influence on the topology of reinnervation by regenerated RGC axons, they do not demonstrate a precisely ordered reinnervation comparable with that seen in anamniotes. Development of strategies to enhance survival of axotomized RGCs (Bonfanti et al., 1996; PeinadoRamon et al., 1996; Di Polo et al., 1998 ) and regrowth of their
